We evaluate the frame-independent gluon and charm parton-distribution functions (PDFs) of the deuteron utilizing light-front quantization and the impulse approximation. We use a nuclear wave function obtained from solving the nonrelativistic Schrödinger equation with the realistic Argonne v18 nuclear force, which we fold with the proton PDF. The predicted gluon distribution in the deuteron (per nucleon) is a few percent smaller than that of the proton in the domain x b j = Q 2 2p N ·q ∼ 0.4, whereas it is strongly enhanced for x b j larger than 0.6. We discuss the applicability of our analysis and comment on how to extend it to the kinematic limit x b j → 2. We also analyze the charm distribution of the deuteron within the same approach by considering both the perturbatively and non-perturbatively generated (intrinsic) charm contributions. In particular, we note that the intrinsic-charm content in the deuteron will be enhanced due to 6-quark "hidden-color" QCD configurations.
Introduction
A primary challenge in nuclear physics is to study the structure and dynamics of nuclei from first principles in terms of the fundamental quark and gluon degrees of freedom of quantum chromodynamics (QCD). The conventional description of nuclear many-body systems, where nucleons are treated as elementary particles with phenomenological potentials, can be justified in the nonrelativistic domain [1] [2] [3] [4] [5] [6] . However, in the short-distance, high-momentum-transfer region, quark and gluon fields play an essential role in describing nuclear systems, and non-nucleonic phenomena, such as QCD "hidden-color degrees" of freedom [7] [8] [9] [10] , become relevant. For example, the six-quark Fock state of the deuteron has five different SU(3) color-singlet contributions, only one of which projects to the standard proton and neutron three-quark clusters. The leading-twist shadowing [11] [12] [13] [14] [15] of nuclear parton distributions at small x b j in the Gribov-Glauber theory is due to the destructive interference of two-step and one-step amplitudes, where the two-step amplitude depends on diffractive deep inelastic scattering (DDIS) ℓN → ℓ ′ N ′ X, leaving the struck nucleon intact. The study of the quark and gluon structure of nuclei thus illuminates the intersection between the nuclear and particle physics.
The quark and gluon distributions of nuclei also play an important role in high-energy astrophysics [16, 17] . An accurate knowledge of nuclear parton distributions is essential in many physics fields [18] . For example, the gluonic content of light nuclei is important in understanding the production of antiprotons in interstellar reactions. The charmquark distribution function in nuclei at high x b j can significantly change the predictions of the spectrum of cosmic neutrinos and is thus important to interpret the background of ultra-high-energy neutrinos which contribute to the IceCube experimental data [19, 20] in the high-x F domain [21] [22] [23] . Furthermore, the parton-distribution function (PDF) for nuclei is the initial condition controlling the dynamics of the possible formation and thermalization of the quarkgluon plasma (see e.g. [24] ).
Collider experiments typically probe proton and nuclear PDFs in the region of small x b j = Q 2 2p N ·q (see [25] [26] [27] [28] for recent works showing the relevance of LHC heavy-flavor data to determine the gluon content of the nuclei at small x b j ). In contrast, fixed-target experiments can unveil the PDF over the full range of x b j up to unity by taking advantage of the asymmetry of the experimental apparatus and the kinematics. New fixed-target experiments using the beams of the LHC are currently investigated (see the works of the AF-TER@LHC study group [29] [30] [31] [32] [33] ) following the very positive outcome of the data taking of the SMOG@LHCb system [34, 35] . In fixed-target experiments, one also has the advantage that the parton distributions of a large variety of nuclei, both polarized and unpolarized, can be measured. It is thus an important theoretical task to predict the gluon and heavy-quark distributions of nuclei.
We will focus on the deuteron, which is the simplest many-nucleon system, and thus can be evaluated with high accuracy in nuclear physics. It is therefore an excellent system where nuclear effects [7, 9, can be studied. In addition, a careful study of the structure of the deuteron may provide accurate information on the quark and gluon structure of the neutron [61] [62] [63] . In particular, the gluon PDF of the neutron is of interest. The PDF of the deuteron near the maximal fraction x b j = 2 (we use this definition in this work) can be constrained by perturbative QCD, since it is the dual of the deuteron form factor at high-momentum transfer Q 2 [64, 65] . In this work, we will mostly be interested in the region of x b j ∼ 1, a domain which AF-TER@LHC can access.
As a first study, we have calculated the gluon PDF in the deuteron within the impulse approximation which gives the leading contribution at x b j < 1. To do so, we have solved the Schrödinger equation of the two-nucleon system with a phenomenological nuclear potential [1] using the Gaussian expansion method [66] . We have then derived the boostinvariant light-front wave function [67, 68] of the nucleus and convoluted it with the gluon distribution of the nucleon in order to obtain the gluon distribution of the deuteron. The complications of boosting an instant-form nucleon wavefunction to nonzero momentum are discussed in Ref. [69] . This paper is organized as follows. In the next section, we calculate the gluon PDF of the deuteron through the procedure mentioned above. In Section 3, we discuss the applicability of the impulse approximation and show our result. We also extend our discussion to illuminate the intrinsic heavyquark contribution to the deuteron charm-quark distribution (Section 3.2). A summary is presented in the final section.
Derivation of the gluon PDF of the deuteron

Deuteron wave function
Let us now explain how we convolute the gluon PDF of the nucleon by the deuteron wave function in the impulse approximation [see Fig. 1 (a) ]. The impulse approximation is the leading contribution in the chiral effective field theory (χEFT) [48, 58] . We will show later that the two-nucleon contribution [ Fig. 1 (b) ] is subleading in the nucleon velocity expansion. These arguments lead us to consider a nonrelativistic framework. We first calculate the wave function of the deuteron, given by the bound-state solution of the nonrelativistic twonucleon Schrödinger equation with the Argonne v18 potential [1] as the nuclear force. To solve the equation, we use the Gaussian expansion method [66] , where an accurate solution is provided as a superposition of Gaussians with geometric series of ranges. The Gaussian basis is given by
where N nl is the normalization constant of the Gaussian basis,r the unit vector of the relative coordinate r, and
. We have taken n max = 12 Gaussians with r 1 = 0.1 fm and the common ratio a so that r 12 = 10 fm. Note that the nuclear force has a strong tensor force which may change the orbital angular momentum by two units, so the S -wave and D-wave states are relevant. The deuteron state is thus given by
where
To solve the Schrödinger equation, we have to diagonalize the Hamiltonian matrix together with the nuclear norm matrix which involves the information of the overlap between Gaussian basis functions. This is a generalized eigenvalue problem (For details, see Section 2.1 of Ref. [66] ). By diagonalizing the Hamiltonian, we obtain the wave function shown in Fig. 2 , which has a dominant S -wave component and a D-wave component representing 6% of the total probability. In our framework, the wave function is given as a superposition of Gaussians, so further transformations can analytically be performed. We then Fourier transform it and project the wave function onto the z-axis. After some manipulations, we obtain the following expression for the wave function of the unpolarized deuteron expressed in terms of the momentum in the z-axis p z :
The corresponding probability distribution is shown in Fig. 3 . The distribution of the nucleon momentum is centered at p z = 0, and the standard deviation is close to 50 MeV. This is due to the kinetic energy of the nucleon (about 20 MeV), which is the bound-state effect of the nuclear force. Figure 3 also displays the contribution from the Swave, which is nearly identical to the total result.
In Fig. 3 , we also show the momentum distribution of the nucleon inside a typical heavy nucleus with the Fermi en-
MeV. The smearing of the momentum distribution is given by [43] 
One sees that the momentum distribution of the deuteron is narrower than that of a typical heavy nucleus. 
Light-front momentum fraction
We now calculate the light-front momentum distribution of the nucleon in the deuteron. Note that the procedure to obtain a wave function in the light-front frame from the instant-form is not unique. In this work, we follow the recipe of Ref. [70] (see also [43, [71] [72] [73] ) giving the wave function in the light-front frame as
. The momentum fraction of the nucleon in the deuteron z is defined in the interval 0 ≤ z ≤ 2. This can consistently be derived using z defined by 
This can however be improved by considering the shift of the energy by the moving nucleon inside the deuteron. The momentum fraction is then
where we still neglect p ⊥ . By solving the above equation in term of p z , the nucleon longitudinal momentum inside the deuteron satisfies
We think this manipulation is more suitable for light-front dynamics than the approximation used in Ref. [43] . We then apply this variable change to the previously obtained z-axis momentum fraction P(p z ) ≡ |ψ(p z )| 2 . We have
This relation agrees with the recipe of Ref. [70] . This yields the light-front distribution plotted in Fig. 4 , where one sees that the momentum fraction of the nucleon is broader in the deuteron than in a typical heavy nucleus, which is expected from the importance of the Fermi motion. 
Gluon distribution
Now that we have the light-front distribution of the nucleon in the deuteron, we can derive the gluon PDF in the deuteron using the impulse approximation, by folding the gluon PDF of the nucleon [74] [75] [76] [77] [78] [79] [80] [81] by N N/A (z). Since we are interested in the high-x behavior of the gluon PDF, we need a well behaved gluon PDF up to 1. For this reason, we prefer to use GRV98 [82] .
The gluon PDF in the deuteron is obtained by folding the gluon PDF of the proton G p (x) by the light-front distribution of the nucleon inside the deuteron N N/A (z):
where µ F is the factorization scale. We note that the effect of the scale evolution is contained in G p (x/z, µ F ). This operation consists of calculating the contribution depicted by the diagram of Fig. 1 (a) . In our computation, we of course assume that the proton and the neutron have the same gluon PDF, hence the factor of two in Eq. (11).
Results and discussion
Domain of applicability
Before plotting our results, let us discuss the domain of applicability of our calculation. Indeed, we assumed that the nucleon inside the deuteron is not modified from the onshell one. The nucleons in the deuteron can be considered almost on-shell when the invariant mass of the nucleon pair M pn has a small virtuality compared to the binding of the deuteron:
where m d and ǫ d are respectively the deuteron mass and binding energy. The above condition of virtuality can be converted to a constraint on the nucleon velocity, that is v = p z m N by using Eq. (9) [or Eq. (7)]. This gives v < 0.004 which is obviously nonrelativistic. From this inequality, we can then derive the corresponding region of the momentum fraction of the gluon in the deuteron, by computing the average z as a function of x. This yields a conservative limit, 0 < x < 0.7, outside which the off-shell correction may be relevant.
Let us now inspect what such off-shell effects may be. We start by discussing the two-nucleon effects [see Fig. 1  (b) ]. The nth moment of the PDF can indeed be expanded in terms of the velocity of the nucleus v A as [48] 
where O µ 0 ···µ n g is the gluon density operator. We note that the nuclear velocity is equal to the nucleon velocity v, up to small x corrections due to the nuclear binding. On the other hand, x n g|A can be expressed in terms of the nonrelativistic nucleon operators as
where x n g is the nth moment of the gluon PDF of the nucleon. The first term A is the nucleon number, obtained from the one-nucleon operator A|N † N|A = A. The nuclear matrix element A|α n (N † N) 2 |A provides the nuclear modification effect, and depends on the renormalization scale but not on the momentum fraction. The coefficient α n is proportional to the nth moment of the nuclear modification effect of the PDF, which is the residual piece of the nuclear PDF after subtracting the gluon PDF of free nucleons.
The zeroth moment α 0 is zero, due to charge conservation, and the first moment α 1 is known to be small from experiment [83] . At the hadron level, the leading off-shell correction is the pion exchange-current [48, 84, 85] , but these contributions are N 3 LO in χEFT, thus small. This means that the nuclear modification effect is expected to be small in the nonrelativistic regime. The first off-shell effect therefore starts from v 2 which means that the constraint discussed above, v < 0.004, is probably too conservative.
Let us now see the range of velocities in which our framework holds. In Fig. 5 , we plot the averaged squared velocity of the nucleon as a function of the gluon momentum fraction x. We of course exclude the region v 2 > 1 which is unphysical. We note that v 2 is still small at x = 1.1, v 2 ≈ 0.3 and therefore consider the domain of applicability our our framework as 0 < x < 1.1, where the off-shell effects are likely small. According to the above discussion, we will show the result of our calculation of the gluon PDF in the deuteron up to x ≃ 1.1 in Fig. 6 . The gluon PDF of the deuteron G d (x, µ F ) shows a monotonic decrease. In the region 0
within 5%, as expected. It is also notable that the the ratio G d /G p is larger than unity for 0 < x < 0.2, and that it shows a minimum near x = 0.4. Above x ∼ 0.6, the ratio G d /G p grows rapidly due to the falloff of the PDF of the proton. This is due to the Fermi motion, where the momentum of the nucleon in the deuteron is pushed to the high momentum region, in a 4 similar way as the quark PDF. 
Charm distribution of the deuteron
Another interesting point to discuss is the charm-quark distribution, which can be analyzed in the same way as that of the gluon. The charm-quark distribution of the deuteron can equally be calculated in the domain of applicability of our framework discussed in Sec. 3.1 (0 < x < 1.1).
The charm quarks in a nucleon are virtually created by the gluon splitting (see Fig. 7 ) at leading order. The distribution of the charm quark generated by this subprocess inherits the gluon distribution, and decreases monotonically in x. We have calculated this contribution by using the charm PDF of CTEQ-JLAB 15 [86] which we fold with N N/A (z) discussed in Section 2.3. The result of our calculation is shown in Fig. 8 . The behavior of the charm PDF of the deuteron due to the gluon splitting is similar to that of the gluon. The ratio of the charm PDFs of the deuteron (per nucleon) to the proton is unity within 5% for x < 0.4, and it deviates from unity for x > 0.4 due to Fermi motion, as expected from the impulse approximation. The distribution of charm quarks in the nucleon however receives additional non-perturbative contributions from the charm quark-antiquark pair creation which are multiconnected by two or more gluons coupling to different va- lence quarks (see Fig. 9 ). This intrinsic-charm contribution, although suppressed since it is higher order in α s , is favored by a higher probability due to the sharing of momenta from different valence quarks. This is in contrast to the gluon-splitting contributions where the charm and anticharm quarks couples to a single valence quark. In the limit of heavy quarks (Q), the intrinsic heavy quark distribution in a hadron is suppressed as m −2 Q , as can be derived by the application of the operator product expansion [87] [88] [89] . A model for the charm distribution in the nucleon based on kinematical constraints is given in Refs. [90, 91] 
The normalization N is phenomenologically determined as N ∼ 0.01 [91] . This distribution peaks at x ∼ 0.2, and becomes dominant for x 0. We plot in Fig. 8 the intrinsic-charm distribution of the deuteron calculated in our framework. As is the case of the gluon splitting, the Fermi motion alters the ratio of the deuteron PDFs (per nucleon) to that of the proton from unity for x > 0.6. We also observe that this ratio, although consistent with unity within 5%, varies more than that of the gluon PDFs in the region 0 < x < 0.6.
We can also derive an intrinsic-charm distribution of the deuteron by considering a six-valence-parton configuration (see Fig. 10 ). It can be calculated by rescaling the endpoint of Eq. (15) from x = 1 to x = 2. The normalization of the intrinsic-charm contribution to the deuteron is currently not known (we plot it in Fig. 8 , with N = 10 −4 ). There are however some arguments suggesting a sizable contribution of this contribution. Indeed, beside the argument of the momentum-fraction sharing by several valence particles enhancing the intrinsic-charm content at high x, there is another enhancement from the combinatoric factors in the deuteron case. For the gluon splitting, we obviously have a factor of 6, whereas for the intrinsic charm generated by the radiation of two gluons from two distinct quarks, we have a factor of 15 (see Fig. 10 (a) ). The enhancement may even be larger for the intrinsic charm created by the three-gluon emission although it is even higher order in α s , since we have a combinatoric factor of 20 (see Fig. 10 (b) ). Note that this combinatoric enhancement is absent in the case of the nucleon. The intrinsic-charm contribution generated off three-gluon emission may also kinematically be more advantageous than the two-gluon case, since the momenta of valence quarks can stay closer to the valence configuration after the gluon radiation. It would thus be interesting to perform measurements sensitive to the charm content of the deuteron at x ∼ 1. Fixed-target experiments at the LHC with the LHCb or ALICE detector provide an ideal setup for such measurements. 
Summary
In this work, we have calculated the gluon and charm PDFs of the deuteron in the light-front quantization. We used the impulse approximation where the input nuclear wave function is obtained by solving the nonrelativistic Schrödinger equation with the phenomenological Argonne v18 nuclear potential as input. Although we only analyzed the nonrelativistic regime, the range of applicability our computation is estimated to extend up to x ∼ 1.1.
We have found that the gluon and charm PDFs of the deuteron (per nucleon) at low x only differs by a few percent from that of the proton, as expected for nonrelativistic nucleons in the nucleus. However as x becomes close to unity, their distributions deviate significantly from that of the nucleon due to Fermi motion. This should taken into account when extracting the gluon PDF of the neutron via this system.
We also discussed the charm PDF of the deuteron, which is potentially very interesting at x ∼ 1 due to the intrinsiccharm contribution. The intrinsic charm of the deuteron is enhanced by the combinatoric factors characteristic for gluon emission and the sharing of the momentum by valence partons, although the overall normalization is somewhat uncertain. We expect the charm distribution in the deuteron to be studied in the region 0 < x < 1.1 by future experiments -particularly in future fixed-target experiments using the LHC beams-in order to determine the normalization of the intrinsic-charm and hidden-color states.
In the limit of high-momentum scale Q 2 → ∞ for exclusive scatterings, other structures with the same quantum numbers as the | NN state, such as the ∆∆ states, or the hidden-color configurations [7] [8] [9] [10] , in which quarks are not arranged to form two color-singlet baryons, become relevant as Fock states. Indeed, in the short distance limit, 80% of the deuteron will be composed of hidden-color states. This state should be continuously be related to the almost maximal | NN state at low resolution via the renormalization group equation. The composition at intermediate momentum scales also involves higher Fock states with a valence gluon [92] , such as | (uuudddg) . We note that the composition at intermediate distances can only be calculated if the normalization of the Fock state at some scale is known, as is the case for the renormalization group equation analysis. As for now, the implication of these states for inclusive reactions at finite x (away from 2 in the deuteron case), and thus the PDFs, remains to be studied, and is beyond the scope of our exploratory study.
At the endpoint (x ∼ 2), where only one gluon is carrying almost the entire momentum of the deuteron, the gluon PDF behavior is however related to the form factor of the system at short distances [36, 93, 94] , and is known analytically. The counting rules indeed predict G d (x) ∝ (2 − x) 11 [36, 68, 94, 95] . Since the partons are maximally virtual in this limit, the deuteron has to be expressed in terms of quarks and gluons, and it is therefore not possible to discuss with our framework. Extending our nonrelativistic results to the this limiting case, is also left for a future work especially since it seems difficulty experimentally accessible in a near future.
Our framework could be extended to the case of the gluon and charm PDF in heavier nuclei, such as the 4 He, which is one of the main ingredient of the interstellar matter, and for 14 N and 16 O, which are the main components of the atmosphere. Such analyses would be important to reduce the theoretical uncertainty of the cross section of the reactions between primary cosmic rays and the interstellar matter, as well as to predict the ultra-high-energy neutrino background in terrestrial experiments such as IceCube [19] [20] [21] [22] [23] . A better knowledge of the gluon PDFs of light nuclei, e.g. 3 He and 4 H, is therefore crucial for high-energy astrophysics, and they could be measured in the near future in LHC fixedtarget experiments.
